Hydrogels have emerged as promising biomaterials for regenerative medicine. Despite major advances, tissue engineers have faced challenges in studying the complex dynamics of cellmediated hydrogel remodelling. Second harmonic generation (SHG) microscopy has been a pivotal tool for non-invasive visualization of collagen type I hydrogels. By taking into account the typical polarization SHG effect, we recently proposed an alternative image correlation spectroscopy (ICS) model to quantify characteristics of randomly oriented collagen fibrils.
Introduction
Hydrogels are three-dimensional (3D) networks formed by natural or synthetic cross-linked polymers. Their high water-absorbing capacity and modifiable biomechanical and biochemical properties make them highly suitable carriers for different cell types [1, 2] . Therefore, many efforts have been made to use hydrogels in tissue engineering applications. By combining multidisciplinary strategies based on material, life and engineering sciences, research in this field aims to restore, preserve or enhance tissue structure and function following injury or disease [3] . Because their stiffness can range from 0.1-500 kPa [4] , hydrogels are especially appealing for regenerating soft tissues such as skin, tendons, muscles and nerves [5] .
In the past decade, natural hydrogels have gained significant interest due to their native-like extracellular matrix (ECM) properties and inherent biocompatibility [1, 2] . Of all natural polymers, collagen type I has received great attention in tissue engineering as it is the most abundant ECM protein in the human body. Although many tissues such as corneas, vessel walls, tendons and nerves contain collagen type I, their mechanical strength and function are related to specific alignment patterns of these fibrils [6] . In the body, collagen type I is capable of selfaggregation and crosslinking to form a tissue-specific anisotropic ECM. In vitro assembly, however, consistently creates a randomly oriented fibrillar hydrogel network [7] . Different methods have been probed to generate aligned collagen hydrogels including drainage [8] , microfluidic channels [9] and the use of electrical gradients [10] or magnetic fields [11] .
Whereas these scaffolds are organised by being subjected to external mechanical forces, a more natural approach involves uniaxial constrained cell-seeded collagen hydrogels where cellgenerated tension causes self-alignment of both cells and collagen fibrils [12, 13] . The use of these highly organised cellular collagen constructs for nerve repair is well studied [14] [15] [16] , but little is known about the progression of these cell-induced changes in hydrogel architecture.
Live imaging of the formation of aligned tissue-engineered cellular constructs will advance our 4 understanding of the process and provide valuable new information to inform the construction of better 3D hydrogel microenvironments that mimic native ECM. Although many optical microscopy techniques can visualize individual cells in their ECM, most of them require exogenous dyes which could have phototoxic effects and perturb native cellular behaviour [17] .
In order to truly understand ECM remodelling by embedded cells, it is essential to continuously monitor cell-matrix interactions within the 3D construct in a label-free manner.
Collagen type I fibrils are capable of generating two types of intrinsic optical signals: autofluorescence and second harmonic generation (SHG) [18, 19] . Both processes can be induced by femto-second pulsed laser light but the resulting signals differ in wavelength and intensity. The frequency-doubled SHG signal has a much higher signal-to-noise ratio compared to the Stokes-shifted autofluorescence signals [20] . Yielding high contrast and submicron resolution images on a non-invasive basis, SHG microscopy holds great promise in the field of biomedical imaging [21] and tissue engineering [22, 23] .
When studying collagen fibril organisation, extraction of quantitative information from these SHG images is not trivial. Often, time consuming manual data extraction is used which might suffer from subjective interpretation. To overcome this possible bias, image correlation spectroscopy (ICS) has been used to predict bulk mechanical properties of collagen hydrogels in an automated and objective manner. By calculating the autocorrelation function (ACF) of a fibrous SHG image, quantitative parameters such as pore size, collagen density, fibril length, thickness and orientation can be extracted [24] [25] [26] [27] . Recently, we proposed an alternative ICS model for random fibril orientation which included SHG-specific polarization effects to obtain a more accurate ACF amplitude recovery as shown by simulations and experimental data on a collagen type I hydrogel dilution series [28] .
In the current work, we expand our previous approach and describe the extension towards the characterization of cellular self-aligning collagen hydrogels designed for tissue engineering.
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The power of the extension is demonstrated in two relevant applications. First, we perform a collagen hydrogel contraction assay to evaluate cell-mediated hydrogel changes over time at the macroscopic and microscopic level. We explore the sensitivity of the extended ICS model by using two different but related cell types that can exhibit minor differences in contractile capacity, namely human dental pulp stem cells (hDPSCs) and their glial differentiated derivatives (d-hDPSCs) [15] . Secondly, we examine whether this model can be used to estimate fibril orientation in cellular hydrogels. To test the accuracy of the estimated orientation parameters, we implement a validation experiment in which manually obtained and automated (ICS) outcomes are compared. Finally, we apply the ICS model to quantify and map collagen fibril organisation in a self-aligning d-hDPSCs containing hydrogel for neural tissue engineering. 6 
Materials and methods

Materials and products
All products were purchased from Sigma-Aldrich (Bornem, Belgium) unless stated otherwise.
Cell culture
Human third molars were collected from donors (15) (16) (17) (18) (19) (20) 
Aligned cellular hydrogels
A tethered cell-seeded collagen gel was prepared according to methods described previously [15, [29] [30] [31] with some modifications. Briefly, gels were prepared on ice by mixing 1 volume of 10x MEM with 8 volumes of type I rat tail collagen (2 mg/ml in 0.6% acetic acid; First Link, Wolverhampton, UK). The pH of the mixture was neutralized dropwise using 1 M sodium hydroxide, after which 1 volume of d-hDPSCs suspension was added to give a final seeding density of 10 6 cells/ml. The resulting mixture was cast within an ice-cold rectangular stainless steel mould (37 mm x 27 mm x 4.5 mm) and tethered at each end through the use of a porous mesh. The gels were allowed to set for 15 min at 37 °C, transferred to a #1.5 glass bottom petri dish and subsequently immersed with standard culture medium. From this moment on (t = 0 h after casting), tethered gels with initial dimensions of 16 mm x 6.5 mm x 4.5 mm were kept at 37 °C in a humidified atmosphere containing 5% CO2 in a cell culture incubator or in the microscope stage incubator for imaging at 0, 4, 8 and 32 h after casting. The orientation of the 3D construct is referred to as x for the long axis of gel, y for the shorter axis and z for the height.
7
The mould was always positioned such that the x-axis of the hydrogel was parallel to the polarization of the incident light, which is always along the x-axis of the image in this paper.
Since alignment occurs in the direction of tension generated by the cellular gel contraction being resisted by the tethering bars, elongated cells and aligned collagen fibrils along the x-axis are expected in the acquired images. Per hydrogel, 6 cells were randomly selected in the central part of the tethered system and around each cell, 3 defined regions near the cellular processes (axial, diagonal and parallel with respect to cellular processes) (Fig. 3a) were imaged.
Differentiated hDPSCs from 4 different donors were used to carry out 4 independent experiments (n = 4).
Hydrogel contraction assay
Gels were prepared as described above with some modifications. Donor-matched hDPSCs or Because ICS is a statistical method, lowering the number of fibrils would result in less accurate ACFs, and therefore less representative parameter values would be recovered from the ACF.
Conversely, increasing the FOV with fixed pixel size would yield better defined ACFs, but also averages more local spatial variations. The images were taken 20 µm above the cover glass and microscopy was performed at 37 °C.
ACF analysis
The analysis of the ACF is based on the previously described ICS model [28] developed to study hydrogels imaged by SHG. In the extended model used in the current work, the ACF g( , ) is modeled by
with g 1 ( , , ) the ACF of a single fibril of length oriented at an angle relative to the orientation of the polarization direction of the incident light. The angles are set to be equally spaced at 10 ° intervals between 0 ° and 180 °. The notation |… | takes care of the normalization of the sum to unity such that the ACF amplitude is solely defined by g 00 . The amplitude g 00 is inversely proportional to the fibril density [28] .
The modulation function ( ) in eq.
(1) accounts for the polarization effect related to SHG imaging and the orientation distribution of the fibrils, 
where dij are non-zero second order macroscopic susceptibility tensor elements of the collagen fibrils and where Φ( ) describes the orientation distribution of the fibrils within the image. We assume that the fibril orientations have a Gaussian distribution around the preferential angle .
To implement the Gaussian distribution as a wrapped distribution function, a circular variant analogue to the so called Von Mises distribution was used. Since the fibrils have no sense, a periodicity of appears in the ACF. Therefore, the standard Von Mises distribution with a periodicity of 2 must be adjusted to one with half the periodicity. Our implementation of the adjusted Von Mises distribution reads
with 0 ( ) the zeroth order Bessel function of the first kind, and a dimensionless parameter representing the spread of the distribution, being analogue to the inverse of four times the variance of the approximated wrapped Gaussian distribution. This means that for = 0, a 10 uniform distribution is obtained, while for increasing values of a Gaussian distribution with a standard deviation of 0.5 −0.5 is approximated. Note that for both ( ) and Φ( ) only the proportionalities are used, since additional factors vanish by the ACF normalization.
In the actual analysis of the experimental ACF, the tensor element ratios are fixed to the values we determined previously.: 31 = 1.5 15 and 33 = 1.8 15 [28] . The −2 width of the point spread function was fixed at 0.33 . The freely adjustable parameters in the fitting procedure are the ACF amplitude g 00 , the average fibril length , the preferential orientation and the orientation spread . Consistently with our previous work [28] , the length always results in values above the detection limit. Therefore, we cannot draw conclusions on the fibril lengths.
To account for possible background effects, an additional offset is included in the fitting procedure as well. The fitting is done on the central 64x64 pixels of the ACF. The analysis was done with in house developed Matlab (The MathWorks) routines. The analysis of one ACF takes approximately 10 seconds on a standard pc with a quad-core processor (Intel i5) running at 3.30 GHz.
Validation of ICS analysis for orientation parameters κ and µ
Three random images (n = 3) were collected from the central part of a tethered gel containing d-hDPSCs at each of the indicated time points (see section 2.3). To minimize heterogeneity within a SHG image, pictures were captured without cells or their processes in the field of view.
For validation purposes, collagen fibrils were traced manually in ImageJ software. For each image, the distribution of fibril orientations was analyzed using the Von Mises distribution given by eq. (4), yielding the mean direction µ and the concentration parameter κ. These parameters were then compared to their corresponding parameters returned by the automated ICS analysis described in section 2.6.
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Statistical analysis
Statistical analysis was performed using Graphpad Prism 5 software (Graphpad, California, USA). Data from the hydrogel contraction assay and the aligned hydrogel constructs were compared by means of a two-way ANOVA followed by Bonferroni's multiple comparison test.
P-values ≤ 0.05 were considered statistically significant (* p ≤ 0.05 ; ** p ≤ 0.01 ; *** p ≤ 0.001). All data were expressed as mean ± Standard Error of the Mean (SEM).
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Results
Differential hydrogel contraction on macro and micro scale
A hydrogel contraction assay was performed to determine the sensitivity of the ICS model in a biologically relevant setting. Since the macroscopic change in overall gel dimensions is a result of cell-level activity [32] , it should be possible to link macroscopic observations to microscopic data. Therefore, contraction of collagen type I hydrogels was captured macro-and microscopically for both hDPSCs and d-hDPSCs at six different time points. For macroscopic evaluation, hydrogel contraction was measured from digital pictures ( a; upper row) as a percentage of the initial hydrogel area ( b). While contraction after 2 h was similar for both cell types (~ 80% of initial area), hydrogels seeded with d-hDPSCs were significantly smaller compared to hydrogels seeded with hDPSCs at 4 h (64% versus 76% of initial area) and 6 h after casting (and 52% vs 65% of initial area).
After 24 h, a reduction to ~ 40% of the original hydrogel size was observed for both cell types.
To evaluate whether this differential macroscopic hydrogel contraction by hDPSCs and dhDPSCs corresponds to distinct changes in matrix density, SHG imaging at the centre of these gels ( a; lower row) with subsequent ICS analysis was performed. The error bars are often smaller than the symbol.
Validation of orientation parameters
For the characterization of fibrillar hydrogels, not only collagen density but also fibril orientation are of interest, especially when developing aligned tissue engineered constructs. We recently showed that d-hDPSCs were able to self-align in a tethered collagen type I hydrogel [15] , but the effect on local hydrogel architecture remained to be elucidated. Here, these constructs were monitored over time by TPE autofluorescence of the embedded cells and SHG microscopy of the collagen fibrils. Directly after casting (t = 0 h), cells appeared round and collagen fibrils seemed to be randomly oriented ( Fig. 2a; left) . However, when the hydrogel is completely contracted (t = 32 h), alignment of both cells and collagen fibrils was observed parallel to the longitudinal axis of the 3D construct ( Fig. 2a; 
right).
As this is the first time that the Von Mises distribution has been included in an ICS based approach, we first determined the validity of the method to quantify the degree of fibril alignment. Using a set of SHG images from an aligning hydrogel, orientation parameters obtained by automated analysis and manual tracing were compared. Representative manually 15 determined fibril orientation histograms with fitted Von Mises function at 0 h and 32 h after hydrogel casting are shown in Figure 2b . Both analysis methods yielded essentially equal values in terms of the preferential angle and the spread of angle distribution (Fig. 2c-d) . Being inversely proportional to four times the variance of the approximated wrapped Gaussian distribution, a value near zero is indicative of a large spread of angle distribution for the collagen type I fibrils while increasing values point to a narrow distribution around a preferential direction of fibril orientation. The increasing value of over time (Fig. 2c) indicates that the organisation of collagen type I fibrils in the tethered hydrogel changes from random directly after gel formation to highly aligned after contraction. As at t = 0 h the fibrils are expected to be in random orientation [28] , the average value of is about zero with a substantial spread over the separate determinations (Fig. 2d) . The time evolution of and indicate that the collagen fibrils orient along the x-axis of the mould with a distribution with decreasing width under the action of the embedded cells.
16 Data represent means ± SEM (n = 3). The error bars are sometimes smaller than the symbol.
Local changes in hydrogel architecture during cell-mediated alignment
As described above, an overall time-dependent increase in fibril organisation was observed for tethered hydrogels (Fig. 2) . However, since this collagen remodeling is cell-mediated, local differences in hydrogel architecture can be expected. To explore this hypothesis, three different zones near cells were imaged: axial, diagonal and parallel with respect to the leading edge ( Fig.   3a ; red, black and blue square respectively). Fig. 3b shows an exponential fit with a characteristic relaxation time for the ACF amplitude g 00 as a function of time. For each of the above mentioned zones, the ACF amplitude decreases over time, indicating an increase in collagen density. A characteristic time of ~ 3.4 h is obtained for all zones, reaching the maximum collagen density 8 h after hydrogel casting (Fig. 3b) .
The spread of the fibril orientation decreases over time as indicated by an increasing (Fig.   3c ). Directly after casting (t = 0 h), the low values of ~ 0.4 for the three zones reflect an isotropic environment, thereby making the mean fibril direction at this time point meaningless ( Fig. 3c-d) . As time progresses, zones axial to the leading edge have significantly higher values compared to diagonal (t = 4-8 h) and parallel (t = 4-8-32 h) zones (Fig. 3c) . In addition, the characteristic times of reveal that axial hydrogel zones tend to align ~ 1.5 times and ~ 1.8
times faster compared to diagonal and parallel zones respectively. In this situation, Fig. 3d demonstrates that the preferential direction of fibril orientation is along the x-axis of the construct (0 rad) for all zones considered. 
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Discussion
The success of tissue engineering is often dependent on the similarity of the 3D construct and the native ECM. So, in order to develop biologically active scaffolds for regenerative medicine purposes, their microstructural organisation must be thoroughly studied during the design process and before implantation, preferentially by using non-invasive imaging and robust automated analysis methods. In this study, we extended our previously developed ICS-based model [28] to get the orientation distribution of fibrils within images obtained by SHG microscopy. The power of this model is shown in two relevant applications where we quantify the spatial and structural characteristics of collagen type I fibrils within different cellular hydrogel systems over time.
Cell-mediated contraction of free-floating collagen type I hydrogels has been well described in literature. Being dependent on the collagen concentration, the number of cells and the cell type, in vitro collagen contraction assays are amongst others extensively performed in tissue engineering research to optimize the composition of newly developed 3D constructs [33, 34] .
Although hydrogel size and opacity are currently the most conventional readout parameters of this assay, relevant microstructural information cannot be captured in this way. The current work shows that ICS analysis of SHG images can overcome this limitation with high accuracy and without interfering in the contraction process as the method is optical and label-free. As expected, hydrogel contraction by hDPSCs or d-hDPSCs resulted in a decrease in hydrogel area. This surface reduction was accompanied by a measurable increase in collagen density as shown by declining g 00 values. It must be noted, however, that during the first 2 hours of hydrogel contraction by hDPSCs, the central collagen density remained unchanged despite a reduction in hydrogel area. Since hydrogel compaction has been described to propagate from the edges of the hydrogel into the bulk [35] , we investigated whether contraction of our freefloating hydrogels also occurred in a non-uniform manner. Indeed, when measuring the ACF amplitude in the centre and the edge of hydrogels at different time points, collagen condensation at the edge of the hydrogel started immediately after casting and reached its maximal density after 2 hours. This boundary effect explains why the initial area of hDPSC-seeded hydrogels decreases without a reduction in the central collagen density. Another observation was that both cell types showed stepwise changes in collagen density and a gradual reduction in hydrogel area. At certain time points, however, significant smaller hydrogel areas and g 00 values were detected for hydrogels seeded with d-hDPSCs compared to hDPSCs. So despite the similar patterns for hydrogel contraction, d-hDPSCs were more efficient in contracting collagen type I hydrogels. It must be noted that the collagen density was significantly higher for d-hDPSCs already after 2 hours, while a significant difference in hydrogel area was only observed after 4
hours, pointing to a time lag between locally initiated hydrogel remodeling and the macroscopic effect. In the course of time, both cell types reach a final collagen density that is about three times higher than the initial density, which is of the same order as the decrease in hydrogel area observed macroscopically.
In addition to change in fibril density, cell and matrix alignment is an important feature that needs to be monitored and understood for effective construction of anisotropic tissue constructs.
The two-dimensional discrete Fourier transform has been shown to be effective in quantifying the degree of collagen fibril organisation in different biological tissues [36] [37] [38] . In this work, we present an alternative by extending our previously described ICS model [28] , that provided a measure for the collagen fibril density, with the Von Mises distribution yielding the nonphenomenological parameter which represents the spread of fibril orientation. By comparison with manually obtained data, we showed the validity of this adapted ICS model for the determination of the orientation parameters and . Both the Fourier based approach and the ICS approach hold the same constraints regarding the size of the analyzed FOV, which was already discussed before for the ICS case. Yet, the preferred FOV size also depends on whether 22 local or more global information is desired. Similarly to the Fourier based approach [38] , the ICS technique can also be used to map local fibril orientation by subdividing the full FOV into smaller regions of interest (ROIs). For this type of application, the main orientation returned by the ICS approach is more valuable than the orientation spread for each ROI. When interested in the non-random fibril orientation distribution, also both the Fourier and the ICS approach can be applied. In the Fourier approach, increasing anisotropy yields more elongated frequency spectra. The degree of anisotropy can then be quantified by measuring this elongation, for instance through fitting with an ellipse and comparing the major and minor axis lengths [38] . For the discussed ICS based approach, it was shown that the orientation spread is well quantified by which is related to the standard deviation of a Gaussian distribution of possible fibril orientations. The Fourier and ICS method can thus be used to both map fibril orientation and quantify the corresponding orientation distribution function.
Compared to the Fourier approach in which the spectrum is analyzed by fitting it with an ellipse [38] , the ICS approach is typically slower since it is more computationally intensive in the ACF analysis step. Yet, the ICS model was specifically designed to analyze images containing fibrils, and the resulting fit parameters are directly related to physical quantities of those fibrils. Also, it was previously shown that all fibrils are taken into account when considering the ACF [28] , rendering the ICS method an appropriate statistical tool to quantify the global fibril organisation, which was the goal of this work. Additionally, the model includes the SHG related polarization effect which is typically present when imaging with linearly polarized light. This phenomenon might induce artifacts in the frequency spectrum which are not accounted for in Fourier based approaches. Finally, it must be noted that the proposed ICS model is not limited to label-free SHG images only. A similar approach can also be applied to fluorescent images in case of fluorescence sensitivity to polarization, or when omitting the polarization effect in the ICS model also regular fluorescence images can be analyzed.
Throughout the central part of the tethered hydrogels, an overall time-dependent increase in fibril organisation along their longitudinal axis was observed. However, cell-induced ECM remodeling and compaction have been shown to give rise to local heterogeneities [35, 39, 40] .
To capture such non-uniformities within the collagenous matrix, we specified three arbitrary zones near cellular processes that could be differentially affected in terms of hydrogel remodeling. As these predefined zones are in the direct vicinity of the cell membrane, the first anchoring events could already induce changes in hydrogel architecture, thereby explaining the slightly higher offset values of in these zones as compared to those of random locations in the validation experiment. According to our expectations, we observed that the rate at which the spread of fibril orientation decreased was higher in the axial zones compared to diagonal and parallel zones. In other words; the fibrils that are positioned directly in front of the leading edge of the cell exhibited faster alignment than those in adjacent areas. Also note that for the diagonal and parallel zones, the characteristic times of were larger than those of g 00 , indicating that hydrogel remodeling for these regions was still ongoing while the maximum density had already been reached. Quantitative maps of collagen density, fibril orientation and the degree of alignment around individual cells are required to capture compositional heterogeneities of collagen architecture. Since not only single cells but also intercellular forces play a role in matrix remodeling [39] , such contour maps can provide insight into the formation of aligned cellular collagen type I hydrogels and can be used to optimize cellular density of tissue engineered constructs.
In the present study, we have characterized 3D cell-laden hydrogel scaffolds using an ICS model based on SHG images. Being able to capture minor temporal and spatial changes in hydrogel density and collagen fibril orientation in biologically relevant systems, we showed the sensitivity of this technique to deconstruct a complex environment. Looking beyond bulk hydrogel composition is key in understanding the mechanisms that influence the mechanical 24 and biological properties of artificial tissues. Therefore, we believe that this ICS method has high-throughput potential in screening arrays of hydrogel scaffolds, making it an interesting tool for future tissue engineering research. ± standard deviation (n = 1, i.e. only one donor used for cellular hydrogels, but duplicate hydrogels with 3 images per hydrogel analyzed).
